Characteristics of flow field and stirring effects of top lance with various tilt angles (Tilt angles were 39°, 41°, 43°, 45° and 47°, respectively) on the molten bath were studied. The mixing time, impacting depth and impacting diameter were measured by water experiment. Flow field characteristics of three-phase flow were simulated by Fluent software. It was found that 43° oxygen lance could get the shortest mixing time being 56 s, the medium impacting depth being 36 mm and medium impacting diameter being 115 mm. When injecting by the 43° oxygen lance, average flow velocity of molten bath was the biggest being 0.0329 m/s, and volume of dead-zone was the minimum being 1.90 m 3 . In order to study metallurgical effects of oxygen lance with tilt angle, both 43° and 45° oxygen lances were experimented in a dephosphorization ladle furnace. The experiment showed that the oxygen lance with tilt angle can guarantee the normal smelting process. Compared with the 45° oxygen lance, the content of phosphorus in semi-steel B was decreased by 0.012 mass%, the dephosphorization rate was increased by 7.9% and the content of T. Fe loss was dropped by 1.9 mass%. It proved the oxygen lance with tilt angle could get a remarkable dephosphorization effect in a ladle furnace.
Introduction
Phosphorus is known as embrittlement prone during heat treatment and to decrease the ductility of steel. For petroleum pipeline, cryogenic vessel, marine and automobile exterior, 1, 2) lowering phosphorus content in steel is a critical requirement. Dephosphorization is an optional oxidation process of phosphorus and carbon. Considering the thermodynamic condition of the dephosphorization reaction, [3] [4] [5] the temperature of molten bath should be low and carbonoxygen reaction should be restrained.
The key to dephosphorization operation is to attain P contents as close to equilibrium as possible and strengthen the stirring effects of dephosphorization. Many researchers [3] [4] [5] [6] [7] had reported previous works on removing phosphorus from liquid iron and there were several methods [8] [9] [10] [11] [12] to remove phosphorus to produce low phosphorus steel. In particular, Healy, 3) in 1970, published the formula (Eq. (1)) very often referred to the calculation of equilibrium phosphorus partition ratio involving phosphorus partition ratio, lime, and iron contents in slag and temperature. Mukawa and Mizukami 6) concluded that if stirring energy (ε) and the rate of oxygen supply (V) simultaneous increased, it was a effective measure to promote the dephosphorization reaction, when ε = 1.51 V 2 + 3.31 V. K. Yoshida and I. Yamazaki et al. 9) analyzed the effect of SRP (Simple Refining Process) technology on improving the mass production process of low-phosphorus, which had been developed at Kashima steel works. M. Ina 11) reported that injecting CaO powder by bottom-nozzle in BOF could improve stirring effect and increase the dephosphorization rate, and the method was called LD-ORP (LD converterOptimized Refining Process).
Simulation and Application of Top Lance with Various Tilt Angles in Dephosphorization Ladle
From the literature reviews, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] the following aspects could be taken for granted: In dephosphorization process, both CaO and FeO were important components in slag. The amount of CaO was determined so as the CaO/SiO 2 weight ratio of slag to attain appropriate basicity. Lowering smelting temperature and improving stirring effect increased the dephosphorization rate.
Chengde iron and steel company prohibited CaO addition in converter vanadium extraction process, since CaO addition decreased the level of vanadium content in slag leading to disadvantages for economic recovery. Without CaO addition, P 2 O 5 could not form tri-calcium phosphate (3CaO·P 2 O 5 ) in slag, and returned into the molten bath. In order to attain P contents as close to equilibrium as possible and strengthen the effects of vanadium extraction and dephosphorization, the MURC (Multi-Refining Converter) operation was carried out in Chengde iron and steel company. In this operation, one converter was used to obtain high level of vanadium content in slag, and the other one was used to smelt high phosphorus semi-steel. However, the phosphorus content in molten steel was still in the range of 0.025 mass% to 0.031 mass%.
For further decreasing the content of phosphorus in molten steel, the top lance with tilt angle was used in a ladle furnace. Since, the silicon content was quite low in the range of 0.003 mass% to 0.005 mass% and the temperature of semi-steel < 1 320°C, that seemed a suitable thermodynamic condition for dephosphorization, even though the range of phosphorus content in semi-steel was from 0.136 mass% to 0.143 mass% after vanadium extraction.
In this paper, characteristics of flow field and stirring effects of five kinds of tilt angles were analyzed. Mixing time, impacting depth and impacting diameter were measured by water experiment. The flow field characteristics of three-phase flow were researched by numerical simulation. The oxygen lance with tilt angle was used to dephosphorization in a 100 t ladle furnace to study dephosphorization rate and T. Fe content in slag. It lays a foundation on the application of oxygen lance with tilt angle in a ladle furnace and on the improvement of dephosphorization rate.
Water Model Experiment

Experimental Principle
The stirring force, which was generated by carbon oxygen reaction in dephosphorization process, was small. Therefore, it was a scientific and effective way to study stirring energy in a ladle furnace dephosphorization process by water experiment. Based on the similarity of kinetics and geometry, [13] [14] [15] a physical model was developed. The top lance with tilt angle was used in the physical model. Taking inertial force and gravity into account (Eq. (2)), the modified Froude 16) number was used to calculate similar principle numbers. where, M was similarity ratio of the model; u, u 1 were gas velocities of the model and the prototype (m·s ); ρ g , ρ g1 presented gas density of the model and the prototype (kg·m ); the subscripts l, g were short for liquid and gas. The prototype and model parameters were shown in Table 1 .
Experiment Instruments
The experiment instruments, as shown in Fig. 1 , contained ladle furnace model, porous plugs, flowmeter, air compressor, pressure gauge, conductivity electrode, conductometer and chart recorder, and so on. The ladle furnace was made from plexiglass in accordance with the ratio of 1:4. The supersonic oxygen lance nozzle was processed of copper rod. The compressed air was taken as top-blowing and bottom-blowing gas. Because the viscous force was not the main influencing factor of the experiment, tap water was used in the experiment on behalf of molten steel. Two nozzles were adopted at the bottom of the 100 t ladle furnace. The bottom-blowing arrangement of the model was the same as that of the prototype.
Throughout the mixing time recording, three conductivity electrodes (points A, B, and C) were set at different locations to monitor the concentration of the tracer element in the bath, as depicted in Fig. 1 . One-hundred milliliters KCl solution was used as tracer to enable measurement of the water's electronic conductivity in different locations of the bath. In this work, the mixing time was defined as that when the tracer concentration at the monitor points reached 99% of the mean tracer concentration in the bath.
The mixing times obtained from points A, B, and C were presented as T A , T B , and T C , respectively. The mean mixing time (T mix ) was calculated as an arithmetical mean value 
. (4)
The cavity shape images were recorded by a video camera, as presented in Fig. 2 . Thereafter, the impacting diameter and impacting depth were measured from the recordings. The gas flows and lance heights of prototype and model were listed in Table 2 .
Numerical Model
To compare the stirring ability of various oxygen lances, three-phase flow distribution was simulated by Fluent at the same lance height of 500 mm with the same topblowing rate (3 000 m 3 ·h
) and same bottom-blowing rate (100 L·min − 1 ).
Assumptions
The following assumptions had been made while developing this numerical model:
(1) The molten steel phase was incompressible Newtonian fluid while oxygen was considered as a compressible ideal gas;
(2) A no-slip condition was applied to all of the walls, and a standard wall function was used in this model; (3) No chemical reaction in the ladle furnace was taken into consideration.
Governing Equations
Due to the oxygen jet from the lance reached a supersonic velocity rendering the influence of the variation of fluid density crucial which had a significant impact on the pressure, velocity and temperature, oxygen must be considered as a compressible ideal gas. 17) Ideal gas state equation:
Equation of continuity:
... (6)
In order to study the dynamic behavior of phases flow, the volume of fluid (VOF) function was used to track the free surface zone (gas/molten steel interface) to capture the free surface deformation. The governing equation for the volume fraction of tracked phases can be written as follows:
Momentum conservation equation:
The VOF function relied on the fact that two or more fluids or phases were not interpenetrating. For each additional phase, a new variable namely the volume fraction of the phase was introduced in the computational cell. And the sum of volume fractions of all phases in each control volume must be one, namely.
The average density at any control volume had the following form, To describe the turbulence resulting from gas-liquid interaction in multi-phase domain, the standard model 18) of turbulence was used in this paper.
Turbulence kinetic energy equation for VOF model (k equation):
Turbulence dissipation equation for VOF model (ε equation):
In the equations, G k represented the generation of turbulence kinetic energy due to the mean velocity gradient, calculated as described as follows:
where C 1ε , C 2ε , C μ , σ κ and σ ε were constants and had the following default values: 18) C 1ε = 1.44, C 2ε = 1.92. C μ = 0.09, σ κ = 1.0, σ ε = 1.3.
Geometrical Model
A model was built with the ratio of 1:1 in the numerical simulation. The calculation area of the model included single-nozzle oxygen lance, molten bath, two bottom-blowing nozzles, and ladle furnace space from oxygen nozzle tip to molten steel surface. The model was built according to the 100 t dephosphorization ladle furnace. The five oxygen lances had the same parameters but different tilt angles.
The specific parameters were shown in Table 1 and thermophysical properties of three-phase were presented in Table  3 . Geometrical model of three-phase flow simulation and bottom-blowing layout were shown in Fig. 3 .
Boundary and Initial Conditions
At the solid impermeable walls a non slip condition was set for velocity, and zero turbulence was established. The standard wall function was applied to this model. Initially, the molten bath started at rest with no oxygen or nitrogen blowing through lance or bottom-blowing nozzles. Since heat transfer was not in the scope of present simulation, temperature stratification in molten bath was neglected.
In the inlet position of Laval nozzle, pressure inlet boundary condition was adopted for oxygen (Stagnation pressure = 322 444 Pa), mass-flow inlet boundary condition was adopted for nitrogen and pressure-outlet was adopted as the boundary condition in the outlet position of ladle furnace (Gauge pressure = 101 325 Pa). The hydraulic diameter for pressure-inlet was same as inlet diameter of nozzle and initial gauge pressure set as 101 325 Pa.
Numerical Solutions
The calculations were conducted in an unsteady solution mode and the pressure-velocity coupling scheme was achieved using PISO algorithm. Body Force Weighted discretization scheme was used for pressure, while Geometric reconstruction was used for interface interpolation method. The momentum and mass equations were solved with second-order upwind schemes. A criterion for convergence in all cases simulated in the present work except for energy was established when the sum of all residuals for the dependent variables was less than 10 − 3 , while energy was less than 10
. Because of the high speed oxygen jets, the initial time step size used in the present simulations was 10 − 5 s. Thereafter, an adaptive method, based on a global Courant number of 1, was chosen for the time steps.
Grid Independency Test
To study the grid sensitivity of the solution, calculations for the dephosphorization ladle furnace were done using the following different grid levels: coarse grid (28 166 cells), medium grid (36 648 cells), and fine grid (47 522 cells). The flow velocity of molten bath for all grid levels was shown in Fig. 4 .
In each numerical model, 80 monitor points were selected in the bath to monitor the flow velocity variation of the points in the process of simulation. The quasi-steady-state flow field was developed when the flow velocity variation in the probe points was relatively small or fluctuated within a stable region. The flow velocity of molten bath was calculated from monitor points.
The average percentage of variation of the flow velocity profile calculated with the coarse and medium grid level was 9.7%. Between the medium and the fine grid levels, the variation was negligible (less than 1%). The computational time required for the fine grid level was approximately twice that for the medium grid level. Hence, the results obtained with the medium grid were used for analysis and discussion in the present study.
Results and Discussions
Analysis of Water Experiment
Mixing time represents the ability of stirring molten bath. The longer mixing time is, the less stirring ability is. Under the bottom-blowing rate of 1.2 L/min, the relations between the top-blowing rate and the mixing time are presented in Fig. 5(a) and the relations between the lance height and the mixing time are shown in Fig. 5(b) .
The mixing time of five kinds of oxygen lances are different. Under the combined-blowing condition, the mixing time decreases with top-blowing rate rising, and increases with lance height increasing as depicted in Fig. 5 .
It is obvious that the 43° oxygen lance has the shortest mixing time at all top-blowing rates and lance heights, Impacting diameter represents the size of impacting area, which is an important indicator of contacting and mixing degrees of oxygen and molten bath. Figure 6 shows the impacting diameters of five kinds of oxygen lances at different lance heights and gas flows.
As Fig. 6 presents, it can be known that as the lance height and flow rate rising, the impacting diameter increases. Based on average values of five kinds of oxygen lances in Fig. 6(b) , the slopes of the linear regression are 0.46, 0.14 and 0.08 when lance heights are in the range of 125 to 150 mm, 150 to 175 mm and 175 to 200 mm, respectively. That means the uptrend of impacting diameter would be slow with lance height increasing. Based on analyzing of average slopes in Figs. 5(b) and 6(b), it seems that lance height = 150 mm is inflection point of mixing time and impacting diameter at the tested lance height.
Unlike the decrease in mixing time, impacting diameters of 39° and 41° oxygen lances are both bigger than those of 45° and 47° oxygen lances in Fig. 6 . It seems that the lance with smaller tilt angle could form bigger impacting diameter. Although the 43° lance gets a bigger impacting diameter than 41° lance at the top-blowing rate = 33.72 Nm 3 /h, the impacting diameter with the 43° lance is still the third. Figure 7 is the contrast of impacting depth of oxygen lance with various tilt angles at different lance heights and flow rates. From the above figures, it can be known as the flow rate increases, the impacting depth increases. Moreover, as the lance height rises, the impacting depth reduces, which is opposite to impacting diameter.
The lower the lance height is, the shorter the distance from the nozzle tip to the surface of molten bath is, and the less the supersonic jet attenuation is. If the jet still has higher speed when reaching the molten bath surface, the impacting energy on molten bath will be greater, so the impacting depth is deeper. At the same lance height, with the increasing of gas flow, the jet kinetic energy increases, so the impacting ability is larger and the impacting depth is greater. Hence, smaller tilt angle will intensify the attenuation of jet velocity, which is against the improvement of impacting ability.
Based on average values of five kinds of oxygen lances in Fig. 7(b) , the slopes of the linear regression are − 0.086, , it seems that as the lance height is lifted, the impacting depth will not change remarkably. Hence, there is no inflection point of impacting depth at the tested lance height. Figure 8 shows the average values of mixing time, impacting diameter and impacting depth with various oxygen lances. According to the experimental results, impacting depth varies oppositely with impacting diameter. The shorter mixing time could promote the reaction of steel and slag in a ladle furnace. The 43° oxygen lance gets the shortest mixing time being only 56 s, the medium impacting depth being 36 mm and medium impacting diameter being 115 mm.
The biggest impacting diameter and impacting depth could be obtained by 39° and 47° oxygen lance, respectively. However, 39° and 47° oxygen lance also got the smallest impacting depth and impacting diameter, respectively. Moreover, the mixing time of 39° and 47° oxygen lances are both longer than that of 43° oxygen lance. Above all, it is helpful to stir molten bath using the 43° oxygen lance in dephosphorization smelting process. It can provide a good dynamic condition for dephosphorization reaction and improve the dephosphorization rate in a ladle furnace. Figure 9 shows the flow velocity distributions on the ladle furnace longitudinal section at 54 s by using different oxygen lances. Different colors represent different flow velocities, red is maximum and blue is minimum. Detailed values are shown in the figure.
Analysis of Numerical Simulation
As presented in Fig. 9 , there are two high flow velocity regions (region A and C) in molten bath. The flow velocity of region A ranges from 0.1 to 1 m/s which near the impacting cavity. The flow velocity of region C varies between about 0.03 and 0.08 m/s which is below the molten bath surface with a ranking from 1 040 mm to 2 400 mm. There is also one low flow velocity region below the region A with a ranking from 290 mm to 1 600 mm. As the tilt angle increasing, this flow pattern is more-or-less preserved.
The average flow velocity of molten bath with 39°, 41°, 43°, 45° and 47° oxygen lance is 0.0245 m/s, 0.0281 m/s, 0.0329 m/s 0.0291 m/s, and 0.0255 m/s, respectively. Compared with the five kinds of oxygen lances, the average flow velocity of molten bath generated by the 43° oxygen lance is the biggest, so is the area surrounded by the 0.02 m/s isovelocity. The bigger average flow velocity is, the larger area is surrounded by 0.02 m/s isovelocity, and the smaller area of the 0.005 m/s isovelocity is.
The oxygen lance with tilt angle transmits the momentum with radial and axial components. When tilt angle is too small, the radial component force will be too strong, that make the axial impacting ability reduce, and vice versa. So the average flow velocity of molten bath varies with the tilt angle of oxygen lance. Figure 10 are the flow velocity distributions on crosssection at different molten bath depth in the ladle furnace. It can be seen from the three group figures that the flow velocity of molten steel above bottom-blowing nozzles or near impacting cavity is the highest. Molten steel far from the bottom-blowing nozzles and impacting cavity has slower flow velocity. Considering the shapes of impacting cavity and injecting bubbles are different, the flow velocity distribution on cross-sections is various. Figure 10 (a) illustrates the region A of 43° oxygen lance has larger mixed area with the dark yellow velocity (from 0.2 to 1 m/s) field. Two low flow velocity peak values (from 0.01 to 0.05 m/s) will be separated from the region A and the flow velocity of area between two bottom-blowing nozzles (region C) is bigger seen in Fig. 10(b) . When molten bath depth increases, there is only one lower flow velocity peak value (from 0.01 to 0.03 m/s) as shown in Fig. 10(c) . It means, for flow velocity of molten bath, the influence of bottom-blowing becomes greater with the molten bath depth rising.
As depicted in Figs. 9 and 10, the shape of region B changes with flow velocity distribution in molten bath, but it is more-or-less preserved in each model. The flow velocity of region B ranges from 0.001 m/s to 0.005 m/s by monitor the flow velocity variation in the process of simulation.
In this case, the zone, where flow velocity of molten steel is lower than 0.005 m/s, is defined as dead zone. The volume of dead zone varies oppositely with average flow velocity of molten bath, as Fig. 11 presents. The minimum volume is 1.90 m 3 generated by 43° oxygen lance with the biggest The results indicate that suitable tilt angle can prevent flow velocity stratification in the centre of the molten bath, and help reduce the volume of dead zone. When injecting by the 43° oxygen lance, average flow velocity of molten bath is the biggest being 0.0329 m/s, and volume of dead-zone is the minimum being 1.90 m 3 .
Industrial Application Research
Through water experiment and numerical simulation study, injecting by 43° oxygen lance can improve stirring effect on molten bath in the dephosphorization process. In order to study metallurgical effects and technical indicators of the oxygen lance with tilt angle for dephosphorization, both the 43° and 45° oxygen lances were adopted in a 100 t ladle furnace. There were 102 heats collected in the industrial smelting process, including 51 heats with 43° oxygen lance and 51 heats with 45° oxygen lance, and the operation conditions were same with both the 43° and 45° oxygen lances. Semi-steel component, dephosphorization rate and T. Fe loss were analyzed in this research.
There are two kinds of semi-steel in smelting process: semi-steel A (prior to dephosphorization), and semi-steel B (after dephosphorization). Figure 12 illustrates the distribution of phosphorus in semi-steel B using two kinds of oxygen lances for dephosphorization. When the 43° oxygen lance is used for dephosphorization, the content of phosphorus in semi-steel B distributes from 0.010 mass% to 0.042 mass%. And the content of phosphorus in semisteel B is from 0.017 mass% to 0.052 mass% with the 45° oxygen lance.
According to components of slag layer and steelmaking temperature, equilibrium phosphorus content of each smelting heat has been calculated using Eq. (1). It should be noticed that the term of (mass% T. Fe) in Eq. (1) is deduced from FeO which does not involve M. Fe shown in Fig. 13 . The content of equilibrium phosphorus in semisteel B is 4.3 × 10 − 4 mass% using 43° oxygen lance. And the content of equilibrium phosphorus in semi-steel B is 3.1 × 10 − 4 mass% with the 45° oxygen lance. It is obvious that both equilibrium phosphorus contents are most importantly negligibly small. This fact can prove that the reaction rate with 43° oxygen lance can be enhanced due to the efficient agitation as observed by the water experiments and the simulations.
The average components, temperatures of semi-steel, and smelting time are shown in Table 4 . The content of titanium in semi-steel A is limited, which means influences of dephosphorization rate could be negligible. When smelting with two different oxygen lances, the conditions of semisteel A are fundamentally the same.
The content of phosphorus in semi-steel B is dropped by 0.012 mass% injecting by the 43° oxygen lance. The dephosphorization rate in the ladle furnace is improved by 7.9% from 73.9% to 81.8%. The temperature of semi-steel changes a little. P, T. Fe, M. Fe, and FeO contents in slag are shown in Fig. 13 . Compared with the 45° oxygen lance, smelting with 43° oxygen lance can enhance stirring effect. The content of phosphorus is increased by 0.5 mass%, the content of FeO is reduced by 1.2 mass%, and the content of T. Fe loss is dropped by1.9 mass% in slag. The reduction of T. Fe loss will be beneficial to improve the metal yield rate, but slag becomes sticky due to the reduction of FeO, so the content of metal iron in slag is increased by 0.7 mass%. Moreover, the content of CaO in slag distributes from 53 mass% to 62 mass% with two kinds of oxygen lances in dephosphorization process.
Based on Figs. 12 and 13, the distribution ratio of (mass% P)/[mass% P] with 43° and 45° oxygen lance is 220 and 135, respectively. It is clear that employing the nozzle with 43° is more efficient than that with 45°. Therefore, 43° oxygen lance promotes mass transfer both in metal and slag phase, and enhances dephosphorization reaction rate better than 45° oxygen lance.
Above all, it shows that the 43° oxygen lance can stir molten better than 45° oxygen lance in dephosphorization smelting process, which agrees well with the experimental results of the water experiments and the numerical simulations. Both the axial and radial mixing effects are factors to improve the dephosphorization rate in a ladle furnace. Under the condition that the carbon-oxygen reaction is inhibited, the 43° oxygen lance is used to strengthen stirring molten bath, to improve the mass transfer condition of phosphorus in smelting process, to accelerate the phosphorus-oxygen reaction better, and to reduce the mass content of T. Fe.
Conclusions
The main results of this study can be summarized as follows:
(1) Tilt angle can be neither too big nor too small, or it will be harmful to strengthen stirring ability. 43° oxygen lance can get the shortest mixing time being only 56 s, the medium impacting depth being 36 mm and medium impacting diameter being 115 mm.
(2) Compared with the five kinds of oxygen lances, when injected by the 43° oxygen lance, average flow velocity of molten bath is the biggest being 0.0329 m/s, and volume of dead-zone is the minimum being 1.90 m 3 . (3) The 43° oxygen lance can guarantee the normal smelting process in a dephosphorization ladle furnace. Compared with the 45° oxygen lance, the content of phosphorus in semi-steel B is 0.012 mass% and dephosphorization rate is increased by 7.9%. The content of phosphorus is increased by 0.5 mass%, the content of FeO is reduced by 1.2 mass% and the content of T. Fe loss is dropped by 1.9 mass% in slag. However, slag becomes sticky due to the reduction of FeO, which makes the content of metal iron in slag be increased by 0.7 mass%.
